Particle shape plays an important role in controlling the optical, magnetic and mechanical properties of nanoparticle suspensions as well as nanocomposites. However, characterizing the size, shape and the associated polydispersity of nanoparticles is not straightforward. Electron microscopy provides an accurate measurement of the geometric properties, but sample preparation can be laborious and to obtain statistically relevant data many particles need to be analyzed. More importantly practical applications are not always governed by the geometric properties but rather by hydrodynamic properties. Methods that evaluate the dynamics of nanoparticles such as light scattering and rheo-optical methods accurately provide hydrodynamic properties, but do necessitate a sufficient optical response. In the present work, different
Introduction
Non-spherical nanoparticles are being extensively used as basic building blocks to construct large scale structures having controlled shapes and sizes, with tailored chemical and mechanical properties, all the way to design devices with unique optical and electrical properties 1 . Promising novel applications of nano sized non-spherical particles include those that use the localized surface enhanced Raman effect 2 , exploit the single electron tunneling 2 or focus on high strength and conductivity in nanocomposite polymers 3 . Other applications use the nanoparticles as fluorescence enhancers 4 , as a source for strong local heating 5 , as waveguides for sub-wavelength photonics integration 7 or finally for their use in high density recording media 8 . Another important reason for studying non-spherical particles is that the colloidal domain is dominated by non-spherical particles, where 90% of particles found in nature are disks, 9% are rods and the remaining 1% includes all the other shapes. However, most research so far has focused on spherical colloids and micro particles. Even biological particulate systems are dominated by anisotropic shapes, like red blood cells which are oblate or rod-like actin and microtubules which are used for strengthening the cells cytoskeleton 9, 10 . In the majority of applications, either during the production process or in the final product, nanoparticles are suspended in a fluid. A knowledge of hydrodynamic dimension and the associated polydispersity are essential in understanding the effect of non-spherical nanoparticles on phenomena such as self assembly 11 and directed self-assembly 12 and the dynamics of phase transition 13 .
Electron microscopy (EM) is used extensively to determine dimensions of non-spherical nanoparticles. The characterization of nanoparticles by electron microscopy is based on generating an image of the particles by collecting secondary or backscattered electrons in the case of scanning electron microscopy (SEM) and from transmitted electrons in the case of transmission electron microscopy (TEM) 15 . For TEM a drop of suspension containing nanoparticles is dried on a grid before imaging. Due to small sample volume, tens of EM images have to be processed to get a reasonable statistics on the nanoparticle dimensions. This process is time consuming, expensive and most often only a limited number of particles is counted, and the statistics are typically poor.
The size obtained from electron microscopy gives a physical dimension of the particle in the dried state and does not necessarily represent the nanoparticles in suspension, where for example the electroviscous-effects, adsorbed polymer, surfactant or hydration layers change the effective hydrodynamic dimensions 16 .
The present work compares methods to analyze the hydrodynamic properties of non-spherical gold nanoparticles. More specifically, we focus on depolarized dynamic light scattering (DDLS) and flow induced dichroism. Although the elastic scattering for nanoparticles particles is weak, non-spherical gold nanoparticles exhibit an anisotropy in polarizability due to the surface plasmon effect 5, 6 . The surface plasmon arises due to transverse and longitudinal electron oscillations which lead to both scattering and absorption. The presence of surface plasmons causes the polarization of the scattered light to depend on the orientation of the particles 6 . This dependence on orientation can be exploited in DDLS to obtain the translational (D t ) and the rotational (D r ) diffusion coefficients, by measuring time-auto correlation functions of the scattered light with polarization parallel and perpendicular to the incident beam polarization. The two diffusion coefficients are related to hydrodynamic dimensions (length and width), although for short particles the effect of finite length is not trivial to account for. DDLS investigates the fluctuations in orientation and position due to Brownian motion in a randomly oriented suspension. The optical responses from an oriented suspension will be different. In rheo-optical measurements, the transient optical response of a suspension subjected to flow is used to measure the particle properties. For example, it has been shown that the time evolution of the polarized UV-vis absorption can be used to obtain a hydrodynamic dimension 14 . Here we use an even more simple polarimetric method to measure the time evolution of the anisotropy in the refractive index tensor. A well defined flow field is applied in order to control the motion of the particles 17 . Non-spherical particles in flow tumble due to a difference in torque between the two ends of the particle provided that the local velocity gradients are high enough, such that the motion is determined solely by the hydrodynamics forces. Provided that the convective force overwhelms the force associated with the Brownian motion (as characterized by the Péclet number), when the flow is started up the time dependent optical response of the particles will show a damped oscillatory behavior due to the effect of the tumbling motion of the particles on the overall orientation distribution function (ODF). The tumbling period of the ODF depends on the hydrodynamic aspect ratio of the particles. Differences in tumbling periods of the individual particles due to different particle aspect ratio lead to phase mixing, which dampens the optical response of the integrated ODF in time to a steady state value. The associated polydispersity in aspect ratio of nanoparticles can be extracted by analyzing the decay of optical response of the ODF due to phase mixing. The challenges for using this method for nanoparticles are a) sufficient scattering intensity and b) sufficiently high Péclet number.
Both gold nanorods (Au-nanorod) and decahedral gold nanoparticles (Au-deca) will be studied. The gold nanorods were suspended in an aqueous matrix and stabilized by the surfactant Cetyl trimethylammonium bromide (CTAB). The decahedral gold nanoparticles obviously have the same shape, but their size differs. These Au-deca particles are stabilized by a layer of Polyvinylpyrrolidone (PVP). The details of gold nanoparticles synthesis is given in the materials section at the end of this article. For DDLS experiments, the gold nanoparticles are dispersed in water so that the Brownian motion of the nanoparticles can be easily detected. On the other hand, for rheo-optical measurements the gold nanoparticles are dispersed in 99.5% glycerol to increase the medium viscosity and to bring the high Péclet number regime into experimental range. The particles will be characterized by electron microscopy, DDLS studying Brownian dynamics and finally by rheooptical method investigating flow field enforced dynamics. We evaluate the sample preparation procedures, measurements errors and the relevance of the above three methods for both rod-like and disk shaped decahedral gold nanoparticles. By comparing the three methods, we show that, the flow dichroism is the most reliable method to determine hydrodynamic aspect ratio of nonspherical nanoparticles.
Results

Electron microscopy
For all non-spherical nanoparticles electron microscopy is a suitable method to obtain physical dimensions and the associated polydispersity using quantitative image analysis. For TEM, a drop of nanoparticle suspension is placed on a TEM grid and then allowed to dry before placing the grid inside the TEM. Images of the nanoparticles are taken by adjusting the electron beam energy, to get optimum contrast. Typical micrographs obtained from electron microscopy of rod-like The standard error on the arithmetic mean of the geometric aspect ratio (AR) of gold particles with a standard deviation (ρ) is given as ρ/ √ n, where n is the number of particles analyzed to Table 1 . to get to 1% standard error we need to analyze 50-60 images, which is time consuming. Moreover, the main drawback with this method is that it does not provide direct information about hydrodynamic aspect ratio. It has been proposed that the hydrodynamic aspect ratios can be calculated by adding the estimated thickness of the stabilizing layer to the geometric dimensions obtained from TEM. This empirical method provides an estimate for the hydrodynamic aspect ratio, referred to as P T EM . The stabilizing layer for Au-nanorods is Cetyl trimethylammonium bromide (CTAB) of length 3.2 nm, and it is assumed to be present on all the sides of the nanorod 29, 30 . For Au-decas the stabilizing layer is made of polyvinylpyrrolidone (PVP) with a molecular weight of 40,000 Da, which has a thickness of 2 nm 31 .
The particle sizes and shapes are such that the particles will posses an anisotropic optical response, not only because of the mere geometric properties, but mainly because of the presence of the surface plasmon 32, 33 . The extinction curves as a function of wavelength are given in Figure 1.C for the Au-nanorods. As the aspect ratio of the rods is decreased, the plasmon resonance peak shifts to smaller wavelengths and the peak decreases in intensity. However, at the wavelengths used in the light scattering and rheo-optical experiments, the particles with the smallest aspect ratio show the strongest extinction. As the width of the rods is smaller than 30 nm, most of the extinction will come from absorption 33 . For the decahedral gold disks, the extinction curves in Figure 1 .D are less clear but for all particles there is sufficient extinction to provide contrast at the wavelengths used in the optical setups.
Depolarized dynamic light scattering
Dynamic light scattering is a standard technique in particle sizing and is typically based on the elastic scattering of light by particles undergoing Brownian motion in a suspension. The time correlation of the intensity fluctuations is a direct measure of the Brownian motion of the particles 19 . For an ensemble of monodisperse particles, the field correlation function is an exponentially decaying function g 1 (q,t) = exp{−Γt}, where Γ is the relaxation rate, q is the scattering vector and t is the correlation time. Γ is related to the particles' translational diffusion. The translational diffusion coefficient (D t ) is related to the particles' effective hydrodynamic radius by the StokesEinstein-Sutherland equation 20, 21 .
If the particles exhibit sufficiently large shape or optical anisotropy or both, orientational terms will contribute to the relaxation rate. 23, 24 This in principle allows the determination of the rotational diffusion coefficient D r provided the state of polarization of the scattered light is considered in the data analysis. Here, we use depolarized dynamic light scattering technique to determine both translational and rotational diffusion coefficients for gold nanorods. The analysis of DDLS method for obtaining D t and D r for gold nanorods similar to the one used in this work are described in detail by Rodriguez-Fernandez et al. 22 . Briefly, the intensity auto correlation functions obtained from light scattered in the so-called vertical-vertical (VV) and vertical-horizontal (VH) modes are fitted by using Eq. (1) and Eq. (2) 22 ,
Here Γ 2 = 2Γ = 2D t q 2 and ∆ = 12D r , while A+B = 1 are related to the anisotropy of the particles' polarizability. The parameters β and β account for the non-ideality in the light scattering setup and are smaller than unity 22 . A non-linear least square fitting global algorithm based on an evolution algorithm is used to determine the parameters which fit best eqs.Eq. (1) To derive the hydrodynamic aspect ratio from the experimental data, a relationship between the diffusion coefficients and the hydrodynamic dimension is required. For infinitely thin rods of length (L) and aspect ratio (P DDLS ) in a fluid of viscosity (η) and temperature (T ) slender body results of Boersma and Brenner are available 26, 27 . For small aspect ratios correction factors C t and C r are required to account for the relative importance of end effects due to the finite rod length 28 .
The modified Brenner equations can be combined to yield an implicit relation between the aspect ratio and the diffusivities:
where,
C r = −0.662 + 0.917P
The numerical value obtained for f (P DDLS ) by substituting a value for P DDLS into the right hand side of equation 7 must equal to numerical value of f (P DDLS ) obtained by substituting D t and D r both obtained experimentally. D t and D r were obtained from the correlation functions using the global fits for the three gold rods and are give in Table 2 . The relation between D t and D r and P DDLS , given by equation Eq. (3), is represented graphically in Figure 3 along with the hydrodynamic aspect ratio calculated using equation Eq. (3), given as P DDLS . The calculated hydrodynamic aspect ratio for Au-nanorod-1 as obtained using DDLS agree with the earlier provided estimate for P T EM . The expected increase of hydrodynamic aspect ratio for Au-nanorod-2 and 3 is not recovered by the DDLS analysis. For these particles, the measurements in Figure 1 .C showed that surface plasmon leads to only a small extinction at the wavelength used in the light scattering (647 nm). The scattering by the surface plasmon due to the small extinction will be weaker, leading to a worsened signal to noise ratio.
Additionally, DDLS analysis does not take polydispersity into account, thus hydrodynamic aspect ratio obtained from DDLS shows large deviations from P T EM .
In this respect it should be noted that P DDLS is inside the logarithm in equation Eq. (3) . A simplified sensitivity analysis can be used to estimate the effect of small variations in D t and D r on the calculated hydrodynamic aspect ratio. A detailed 3D plot of P DDLS as a function of D t and D r , in Figure 3 , shows that an error in D t , has a larger effect on aspect ratio of the particles as compared to an error in D r . A 5% error in obtaining both D t and D r , a typical value for dynamic light scattering measurements, which includes experimental errors and errors in curve fitting, translates to 30-40% error in calculated aspect ratio, lines in Figure 3 . This large error is due to the fact that P DDLS is inside the logarithm in equation Eq. (3). Finally, the samples are somewhat polydisperse and it is hard to asses the effect of shape and size polydispersity in presence of the surface plasmons.
Purely elastic scattering will be dominated by the larger particles, for the surface plasmon there is a more complex dependency on particle size and shape 33 .
The analysis of the DDLS data for Au-decas is even more complex due to the different polarization directions of the scattered light by the decahedron shaped particles, especially in the presence of the surface plasmon. The expressions for normalized intensity autocorrelation functions for disks of complex shapes is not yet available. This disadvantage of DDLS, as with any method that employs scattering, the relationship between the scattering intensity and the correlation function needs to be known a priori for the particles with different shapes and polydispersity, which are not known before hand. 
Rheo-optical measurements
To circumvent some of the inherent limitations of the DDLS, the use of rheo-optical measurements is explored. First, a well defined flow field is used which determines the particle motion and leads to a simpler relation between aspect ratio and the observed optical response as will be discussed below. Second, the measured dichroism will be determined by both the scattering and absorption of the particles, hence leading to a more pronounced optical response for the gold nanoparticles. The quantitative calculation of dichroism for these small gold particles is even more difficult compared to the scattering properties and using dichroism to back calculate for example polydispersity effects is not trivial. However, as the surface plasmon is determined by the aspect ratio of the anisotropically shaped particles, the evolution of average orientational angle of the particles can be used. The orientation angle is not dependent on scattering theory and the associated complicated effects of polydispersity unlike the scattering or absorption properties, and hence its magnitude does not directly depend on the size of the particles. Following earlier work for scattering dichroism 36, 40 , the time evolution of the orientation distribution function (ODF) can be used to determine the aspect ratio of the particles. For monodisperse rods, the orientation distribution function upon inception of flow at high Péclet numbers will be an oscillatory function in time. As a consequence the optical properties such as the dichroism will oscillate in time. When polydispersity of the hydrodynamic aspect ratio, stemming from both size and shape, is present, the oscillatory behavior of the ODF upon start-up of flow will be damped due to phase mixing 36 . The decay of orientation angle to a constant value due to phase mixing is a quantitative measure of the degree of polydispersity, higher polydispersity resulting in a faster decay.
Starting with the motion of a single particle, the time evolution of the ODF and the average orientation angle can be developed. The creeping flow equations for spheroidal particles in a Newtonian fluid subjected to simple shear flow was solved by Jeffery 34 . The forces acting on spheroid can be reduced to two torques, due to which particles tumble in flow. In a simple shear flow the evolution equation of the orientation of the major axis of an individual, non-Brownian, neutrally buoyant spheroid with aspect ratio P D describes a motion given by,
where θ and φ are the first and second Euler angles. C and κ are constants of integration determined by the initial conditions. T is the period of rotation determined by the particle aspect ratio (P D , as measured using dichroism) and shear rate (γ).
For the motion of any rigid axis-symmetric body, Breherton 39 obtained a similar equation as Jeffery (Eq. (8)) were P D was the equivalent hydrodynamic aspect ratio. It has to be noted that the aspect ratios for Au-decas are calculated assuming that they are oblate ellipsoids. Since Au-deca has well defined faces, the true volume of an Au-deca will be smaller than that calculated by treating it as an oblate ellipsoid.
The hydrodynamic aspect ratio has been determined from experimental measurements of either turbidity 35 , scattering dichroism [36] [37] [38] or UV-Vis absorption 14 . In the present case of the gold particles the dichroism arises from both scattering and intrinsic dichroism contributions, but these are assumed to be coaxial. Dichroism and orientation angle are simultaneously calculated from the harmonic coefficients (see methods section). The extinction coefficient δ is given in the monograph of Fuller as 17
where J 1 (A) and J 2 (A) are Bessel functions of the zeroth kind. The dichroism is related to the extinction coefficient by:
where l is the optical path length and λ is the wavelength of the light source. The magnitude of dichroism is related to the average orientation of the particles induced by flow. In the steady state, the average dichroism and orientation angle of all the particles is constant, and on average the particles spend more time along the flow direction. To obtain polydispersity it is necessary to measure the phase mixing in the ODF that occurs under transient flow conditions.
To obtain the hydrodynamic aspect ratio and the associated polydisperisty, a non linear fit to the time dependent average ODF is used as developed by Vermant et al. 40 . For small aspect ratio particles an expression for orientation angle as a function of aspect ratio and polydisperisty is given by:
where g(P D ) is an assumed to be a Gaussian distribution function of the hydrodynamic aspect ratio
and T is the period of rotation, given by Eq. (8). Using Eq. (11), the average hydrodynamic aspect ratio (P D ) and the corresponding polydispersity (σ D ) are determined.
The set of equations describing the transient flow are only valid in the flow regime were rotational Brownian motion is dominated by the convective forces, i.e. the high Péclet number regime.
In order to determine this regime the steady state properties need to be measured first. As an example of typical experimental results of the evolution of the steady state dichroism and the average orientation angle, results are given for a suspension of Au-deca-2 in Figure 4 . At low shear rates, due to the dominance of rotational Brownian motion the distribution of orientations remains close to isotropic, the magnitude of dichroism is small and the average orientation angle is still large.
When the shear rate is increased the hydrodynamic forces become dominant and tumbling particles spend most of their orbit in an orientation close to the flow direction. On average, the orientation of the particles long axis is close to the flow direction and the magnitude of dichroism increases as in Figure 4 . The critical shear rate at which the hydrodynamic forces become dominant is taken as the lower limit for the transient experiments. (Figure 5) .B. Finally, for the long aspect ratio Au-nanorod-3, the light extinction values at 632.8 nm is extremely low and the diameter is small, due to which we could not measure reliable signal. Table 4 shows a list of hydrodynamic aspect ratio measured through dichroism and the corresponding polydispersity obtained by non-linear fit of Eq. (11) to the transient data. results except for Au-nanorod-1. Many authors have used DDLS to measure hydrodynamic aspect ratio and have found large differences between microscopy techniques and DDLS. For instance, Rodriguez-Fernandez et al. 22 measured the hydrodynamic aspect ratio of gold rods that qualitatively agree well with the calculated P T EM . If however, hydrodynamic aspect ratio is computed from Eq. (3) using their data, we see that values of P DDLS are almost 50% smaller than those estimated from P T EM estimated by adding CTAB layer thickness 22 . Similarly, hydrodynamic aspect ratios for single walled carbon nanotubes calculated from DDLS measurements gave almost an order of magnitude differences when compared with AFM results 25 . The main reason behind the large errors in obtaining the hydrodynamic aspect ratio using DDLS seems to be the high sensitivity of diffusion coefficients to aspect ratio. Invariably the aspect ratio is inside the logarithmic function which magnify the errors in solving the inverse problem.
The hydrodynamic aspect ratios obtained from rheo-optics is in better agreement with the estimated value and trends from TEM measurements. The main reason for this is the fact that dichroism is based on the optical response of the nanoparticles in flow. In the case of dichroism the nanoparticles are suspended in a high viscous fluid where they move only when flow is applied due to which a controlled optical response can be measured accurately and the relation between tumbling period (T ) and aspect ratio (P D ) is straight forward. Flow dichroism works well for small aspect ratio prolate or oblate nanoparticles. Similar results would be obtained when using a magnetic or electric field to control the particle dynamics which would also lead to a simple relation between P and the experimental observables. Moverover, rheo-optics is the only method which provides sample polydispersity. 
Conclusion
The aspect ratios of gold nanoparticles have been measured by three methods and the results compared. Transmission electron microscopy provides a geometric aspect ratio but good statistics can only be obtained with substantial effort. Optical methods on particles in suspension, such as DDLS and rheo-optics provided hydrodynamic aspect ratios. From DDLS correlation functions are simple to measure but the analysis to determine hydrodynamic aspect ratios is rather complex. Moreover, a small error in measuring diffusion coefficients results is a large error in calculated hydrodynamic aspect ratio. Rheo-optics provides a more robust result for small aspect ratio particles along with the associated polydispersity. The better results obtained from rheo-optical method is due to the use of a well defined flow field, which unlike Brownian motion can be applied in a precise and controlled way and due to the use of evolution of orientation angle. The latter is less affected by the effects of size and shape polydispersity compared to absolute quantities as scattering intensity and absorption. The orientation angle properly reflects the average of the distribution. We also showed that using dichroism even a complex shaped nanoparticles the effective hydrodynamic aspect ratio can be readily determined. The only draw back of rheo-optics is that the particles must be suspended in high viscosity fluid and their should be sufficient optical signal.
TEM micrographs and the corresponding light extinction spectra for gold nanorods and gold decahedrons are shown in Figure 1 . The scattering experiments were conducted at a wavelength of 647 nm for DDLS and 632.8 nm for dichroism. 
DDLS
Dichroism
Dichroism measurements have been performed using MCR300 controlled-stress rheometer (Paar Physica, Austria) as a mechanical platform and using an in-house developed optical train 44 to ensure a sufficient signal to noise ratio for the harmonic components R 1 and R 2 , yet small enough to be in the single scattering limit and to remain in the hydrodynamically dilute regime. R 1 and R 2 along with calibration values for J 1 (A) and J 2 (A) are used to obtain the magnitude of the dichroism and the associated orientation angle.
